To use a finite-element method (FEM) model to study the feasibility of producing a short s-band (2.9985 GHz) waveguide capable of producing x-rays energies up to 10 MV, for applications in a linac-MR, as well as conventional radiotherapy. Methods: An existing waveguide FEM model developed by the authors' group is used to simulate replacing the magnetron power source with a klystron. Peak fields within the waveguide are compared with a published experimental threshold for electric breakdown. The RF fields in the first accelerating cavity are scaled, approximating the effect of modifications to the first coupling cavity. Electron trajectories are calculated within the RF fields, and the energy spectrum, beam current, and focal spot of the electron beam are analyzed. One electron spectrum is selected for Monte Carlo simulations and the resulting PDD compared to measurement. Results: When the first cavity fields are scaled by a factor of 0.475, the peak magnitude of the electric fields within the waveguide are calculated to be 223.1 MV/m, 29% lower than the published threshold for breakdown at this operating frequency. Maximum electron energy increased from 6.2 to 10.4 MeV, and beam current increased from 134 to 170 mA. The focal spot FWHM is decreased slightly from 0.07 to 0.05 mm, and the width of the energy spectrum increased slightly from 0.44 to 0.70 MeV. Monte Carlo results show d max is at 2.15 cm for a 10 × 10 cm 2 field, compared with 2.3 cm for a Varian 10 MV linac, while the penumbral widths are 4.8 and 5.6 mm, respectively. Conclusions: The authors' simulation results show that a short, high-energy, s-band accelerator is feasible and electric breakdown is not expected to interfere with operation at these field strengths. With minor modifications to the first coupling cavity, all electron beam parameters are improved.
I. INTRODUCTION
A short s-band accelerating waveguide capable of producing high energy x-rays would have many applications in radiation therapy. It may be useful in a linac-MRI hybrid device, all of which are currently using to a single energy of 6 MV (Refs. 1 and 2) due to design limitations. Presently for energies 6 MV and lower, a short (25-35 cm) accelerating waveguide is used 3 with a magnetron power source. To achieve photon energies greater than 6 MV for radiotherapy, a long (1-2.5 m) accelerating waveguide 3 and a klystron power source is required in clinical s-band linear accelerators (linacs). This longer waveguide is much more complex, requiring focusing coils along the waveguide 3 to prevent divergence and deflection of the electron beam within the waveguide. These waveguides are typically positioned perpendicular to the treatment direction in order to fit in a standard-sized treatment room, and bend magnets are used to redirect the electron beam into the treatment direction and onto the target. 3 The use of focusing coils and bend magnets would present difficulties for integration in a linac-MRI due to the magnetic interactions between these components and the MR magnet. In addition, the orientation of the waveguide with respect to the magnetic field, results in Lorentz forces on the electron beam, deflecting it out of the beam tube in the waveguide, therefore requiring additional shielding around the waveguide and electron gun. 4, 5 The shorter length of a 6 MV waveguide does not require focusing coils, bend magnets, or a perpendicular orientation, 3 thus greatly simplifying the integration of linac and MR for the perpendicular 1, 2 as well as the longitudinal configuration 6, 7 of our linac-MR design. In addition to application in the linac-MR, a short, highenergy waveguide would allow the development of simpler, more compact, and inexpensive high-energy linacs for conventional radiotherapy.
Previously, a finite element method (FEM) simulation emulating a Varian 600C (6 MV) waveguide was developed by our group 8, 9 to determine the effects of magnetic fields on the waveguide. 4, 6 This work adapts the existing simulations to investigate the feasibility of producing photon energies up to 10 MV in a short waveguide. This is done with the longterm goal of enabling the use of higher energy photons in a linac-MR system by allowing a high energy waveguide to be positioned parallel to the treatment direction. Enabling higher energy photons will improve patient outcome in some cases, such as deep seated tumors in larger patients. [10] [11] [12] The target energy of 10 MV is chosen since energies greater than 10 MV are unsuitable due to the neutron dose for IMRT treatments.
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II. METHODS
There are two possible methods for achieving a highenergy linac without increasing the length: (1) Increase the operating frequency to c-band or x-band (or higher). (2) Increase the field strength in an s-band accelerator. We pursue the second method, of increasing the field strength in an sband accelerator since we have a benchmarked model emulating an s-band accelerator, and we have no practical way to benchmark a c-band or higher frequency accelerator model. A significant concern when increasing the input power for a waveguide is electric breakdown. If the RF fields in the waveguide increase beyond some threshold determined by the waveguide geometry and operating frequency, electric arcing will occur within the waveguide, absorbing the RF energy and damaging the waveguide.
14 As we do not have the facilities to construct a physical model of this waveguide cavity geometry and experimentally test for breakdown, we compare our calculated fields against published experimental results for comparable frequency ranges. Wang and Loew 15 published a "conservative fit" for existing experimental results on the peak surface field achievable before breakdown occurs, as a function of operating frequency
Using our operating frequency of 2.9985 GHz gives a breakdown threshold of 317 MV/m. In order to investigate the effects of increasing the power input into the waveguide on breakdown and beam characteristics, we used a previously simulated and benchmarked FEM model of a single energy Varian 600C (6 MV) waveguide. 8, 9 Our group previously used FEM software COMSOL Multiphysics v. 3.5a (Burlington, MA) to adjust the resonant frequency of the model and calculate the 3D RF fields within. The final field solution is calculated using the PARDISO solver in a harmonic propagation analysis with default settings. The conductive exterior of the waveguide is modeled using the impedance boundary conditions provided by COMSOL with a conductivity of 58.58 MS/m. The RF power is transmitted to the waveguide through a 6.95 cm length of 3.4 × 7.2 cm transmission waveguide terminating 4.0 cm from the central axis of the accelerating waveguide, and coupled into the waveguide through a 2.35× 1.71 cm coupling port in the fourth accelerating cavity. The mesh consists of 391 594 isoparametric elements using cubic shape functions, a minimum element quality of 0.0817, with an element volume ratio of 6.11 × 10 −6 . Refining the mesh further has no effect on the field solution.
The electron gun was simulated using the 3D FEM software Opera-3D/SCALA (Kidlington, UK) with a cathode potential of 30.8 kV and a beam current of 361 mA at the anode. 4 The electron phase space from the Opera-3D/SCALA model, along with the interpolated RF fields calculated in COMSOL, were input into an electron tracking software PARMELA (Los Alamos National Laboratory, NM). 8, 9, 16 PARMELA calculates the electron trajectories within the 3D RF fields, including space charge and beam loading effects, and produces an electron phase space exiting the waveguide, and incident on the target. This existing model is used as the basis of the present work, where details of the geometry and the simulation settings are published in previous studies from our group. 8, 9 The Varian 600C, against which this model was benchmarked, is powered by a 2.5 MW magnetron power source. Increasing the input power by as much as a factor of 3 is achievable by using a 7.5 MW klystron power source, which is currently commercially available with an identical operating frequency of 2.9985 GHz (Thales TH-2157). Therefore, in our FEM model the input power was tripled, the geometry and solver settings were otherwise unmodified, and the RF fields were then recalculated using COMSOL. From previous work done by our group 8 we know that the RF fields in the first half accelerating cavity, where the electrons enter the waveguide, are critical for electron capture within the waveguide, and have a strong influence on the final energy spectrum. These fields can be reduced by repositioning the first coupling cavity, and retuning the adjacent accelerating cavities, thereby reducing the power coupled into the first half accelerating cavity. In order to approximate the effect of this modification, the fields in the first half cavity are scaled by factors from 0 to 1, with the remaining fields increased to account for conservation of energy. This work is based on a model with the first coupling cavity offset by 0.25 mm, 9 while additional models with offsets of 0.5 and 1.5 mm have been described previously. 8 The fields from these additional models are compared with the rescaled fields, to estimate the accuracy of the rescaling. The PARMELA simulations are run again, using the modified fields as input to determine the electron spectra which would be achievable through minor modification to the waveguide. The peak surface fields are extracted and compared to the threshold of 317 MV/m calculated from Eq. (1).
The output SCALA phase space contains each macroparticle current, position (x, y, z) and relativistic velocity (v x , v y , v z ). This phase space is used as an input into PARMELA (input type 40) which requires each macroparticle's position (x, y) its transverse fractional momentum (p x , p y ), its energy and its phase in relation to a reference particle set in the center of the beam. The energy is easily computed from the relativistic velocities from SCALA and the macroparticles are randomly distributed over 2 full RF periods (720
• ). Since each macroparticle in PARMELA is considered to have equal units of charges, the differing currents with each SCALA macroparticle have to be converted to expected input. This is performed in an analogous way as PARMELA converts an ISIS input. 16 The distribution of particles over 720
• creates initial and final half electron bunches which are discarded in postprocessing, and only the central electron bunch is kept for analysis. This is done to approximate a steady state solution by removing simulation end effects. To improve statistics, the PARMELA simulation for each field solution is run multiple times, with injected electron distribution randomized each time in phase and azimuthal position (due to azimuthal symmetry) to avoid correlation. The results of the runs are aggregated until approximately 45 × 10 6 particles exiting the waveguide and striking the target are obtained. The energy spectrum, spatial distribution, and beam current of the resulting electron beams exiting the waveguide are calculated.
One of the electron beams was chosen so the width of the electron energy spectrum was comparable to the magnetron powered waveguide. This beam was used for Monte Carlo simulation using BEAMnrc. 17 The PARMELA phase space output is nearly identical to the required input for BEAMnrc with the exception of the latch and particle weight. Each electron is given a weight of 1 and its latch was set to indicate that it was an electron which had not interacted previously. The resulting PDDs were compared against measured PDDs for a Varian (Palo Alto, CA) 10 MV photon beam. The measurements were performed using an IBA dosimetry (Bartlett, TN) Blue Phantom water tank with a XX ionization chamber. For simplicity, the Monte Carlo simulations use the same Varian 6 MV linac head model from our previous studies, 9 with the x-ray target and flattening filter replaced with their Varian 10 MV equivalents. 4 × 4, 10 × 10, and 20 × 20 cm 2 fields were simulated using 100 × 10 6 histories for the BEAMnrc linac head simulation, and 15 × 10 9 histories in DOSXYZnrc to compute the dose in water phantom. Scoring voxel sizes of 5 × 5 × 1 mm 3 were used for depths less than 3.5 cm, and 5 × 5 × 5 mm 3 for depths greater than 3.5 cm. The penumbra of the 10 × 10 cm 2 beam was calculated at 10 cm depth using 90 × 10 9 histories in DOSXYZnrc with scoring voxel sizes of 0.2 mm (x-direction) × 5 mm (z-direction) × 5 cm (y-direction) across the penumbra. These results were compared with an identical simulation done using the electron beam parameters for a Varian 10 MV linac published by Sheikh-Bagheri and Rogers. 18 The electron gun and waveguide are designed based on measurements and published data 8, 9 and the linac head is modeled exactly to Varian specifications. 19 Although errors propagate from one simulation to the next in an integrated simulation, the errors at each stage were minimized by (1) designing each simulation based on measurements or published data (as much as possible), (2) the generation of a large number of particles to reduce latent variance, and (3) using benchmarked software.
III. RESULTS AND DISCUSSIONS
During our initial study of the Varian 600C waveguide, the peak surface fields within the waveguide were calculated to be 124.5 MV/m. As the field magnitudes increase with the square root of the input power, increasing the input power by a factor of 3 results in peak surface fields of 215.7 MV/m. This result is consistent with the fields calculated without rescaling. At this frequency (2.9985 GHz), these field strengths are more than 30% lower than the threshold determined by Wang and Leow. 15 For all first cavity scaling factors, the peak surface fields [ Fig. 1(a) ] are well below this threshold (shown as a dotted line) and therefore electric breakdown is not expected to interfere with the operation of the accelerator. In particular, with a scaling factor of 0.475, the peak surface fields are 223.1 MV/m, still 29% below the threshold.
Field amplitudes from the field-scaling approach used in this study showed good agreement with field solutions from our earlier waveguide models 8 (incorporating first coupling cavity offsets of 0.5 and 1.5 mm). The axial electric fields along the entire central axis have a RMS error of 0.43 and 0.56 MV/m and a maximum difference of 1.38 and 1.90 MV/m for the 0.5 and 1.5 mm offsets, respectively, when compared with the rescaled fields from the model with 0.25 mm offset. The onaxis percent-difference errors are shown in Fig. 2 , and are small (<3% of maximum axial field) compared to the field magnitudes, with a mean absolute error of 0.45% for both offsets. This small RMS and mean absolute error justifies, from a feasibility stand-point, the field-scaling approach used in the study. As a point of reference, a 0.5 and 1.5 mm coupling cavity offset corresponds to a first cavity scaling factor of 0.88 and 0.62, respectively (determined by a least squares fit of the fields within the first half cavity). All first cavity field scaling factors above 0.125 produce beam currents equal or higher than the magnetron powered waveguide [ Fig. 1(b) ] with a beam current of 169.6 mA achieved with a scaling factor of 0.475. Because the higher energy electrons have a higher photon production efficiency, 20 the photon energy fluence is expected to more than double.
In our previous simulations 8, 9 the photon spectrum (in MV) corresponds approximately to the maximum electron energy (in MeV). Scaling the RF fields in the first half accelerating cavity does not significantly reduce the maximum electron energy [ Fig. 3(a) ], and all scaling factors of 0.275 or greater produce maximum energies above 10 MeV. We therefore expect these electron energy spectra to be sufficient to produce our target photon energy of 10 MV. The width of the electron energy spectrum, defined by the energies at which the relative electron intensity drops below 20% of the maximum, increases approximately linearly with scaling factor for scaling factors above 0.3 [ Fig. 3(b) ]. Without rescaling, the width of the spectrum increases by a factor of 5.5, from 0.44 to 2.48 MeV when the input power is increased from 2.5 to 7.5 MW. For scaling factors of 0.4 or below, the spectrum width is smaller than the original magnetron powered waveguide, and at a scaling factor of 0.475, the spectrum width is increased slightly from 0.44 to 0.70 MeV (Fig. 4) . Without rescaling the first half-cavity, the FWHM of the electron beam has decreased from 0.07 mm in the x crosssection and 0.08 in the y cross section with the magnetron power source to 0.06 mm in both directions when a klystron is used, due to the stronger electric fields focusing the electron beam. The peak of the spatial distribution is not centered along the central axis of the waveguide. Using the magnetron power results in an offset of 0.25 and 0.10 mm in the x and y directions, respectively. The klystron power source gives a larger offset of 0.32 and 0.25 mm, without rescaling. When the first cavity fields are scaled by 0.475, the offsets are reduced to 0.18 and 0.01 mm, respectively. These offsets are not significant for treatment, as they can be accounted for by offsetting the waveguide with respect to the flattening filter, until symmetric dose distributions are produced. 8 This is already done in the commissioning process for a linac.
Monte Carlo simulations of PDDs using the electron spectrum in Fig. 4(b) (for the 0.475 scaling factor), are very similar (Fig. 5) data. These numbers suggest that our spectrum is very close to, though slightly lower in energy than a 10 MV beam. The photon energy could be further increased by increasing the input RF power, or by redesigning the waveguide cavity geometry for improved acceleration. It should be noted that the 10 MV flattening filter used in our simulations would need to be reoptimized to deliver flat beam profiles, since the focal spot distribution and energy from our linac model is different than a Varian 10 MV linac.
The penumbras of the two simulated 10 × 10 cm 2 fields at 10 cm depth are very similar (Fig. 6) . The width of the penumbra (defined as the distance over which dose drops from 80% to 20% of the central axis dose) is 4.8 mm when using the electron beam from our waveguide model with a 0.475 scaling factor, and 5.6 mm when using the electron beam parameters from Sheikh-Bagheri and Rogers. 18 The electron focal spot FWHM of our model is 0.05 mm, compared with 1.5 mm published for a Varian 10 MV linac, which would contribute to the sharper penumbra generated here.
IV. CONCLUSIONS
Through simulations, we have investigated the effect of replacing the magnetron power source on a simulated linear accelerator waveguide emulating a Varian 600C with a klystron power source. The RF fields inside were compared against experimental breakdown limits for this operating frequency, and found to be 30% lower than published thresholds. The effects of increasing the power on the beam parameters were also calculated and an electron energy of 10 MeV is achieved. The electron beam current is increased, and electron focal spot FWHM is decreased. The only beam parameter negatively affected is the width of the energy spectrum, which is recoverable through minor modifications to the first coupling cavity. We have shown that the photon beam produced by this waveguide is very close to that of a Varian 10 MV accelerator. We have therefore shown that it is feasible to produce a short, s-band high-energy linear accelerator.
